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Abstract

High Flying, Electrifying

Karin Lindholm

This thesis has its starting point in an existing computer model of an electricity 
generating kite, from Heidelberg University. The modelled kite has an area of 500 m2 
and is tethered to a generator at sea. A control unit steers the kite in an optimised 
trajectory. The design and trajectory that maximise mean power output per loop had 
been found using the optimisation software MUSCOD-II.

Firstly, the model is investigated in order to find possible adjustments to make it
closer to reality. Then a method to take the economic aspect into account in the
optimisation has been developed.

The most important findings in the model survey concerned wind speed. The original
model overrated the wind speed at high altitudes and it used a mean wind speed
instead of including yearly variations. Adjustments are made and a new objective
function aiming at maximising the yearly average power output per invested Euro is
used.

Furthermore, the revised model has a preset wind speed range within which the kite
can operate, and a maximum power output of the generator (the nominal power)
which is found through optimisation with respect of cost. Cable strength and other
production limitations are included as well.

Using cost estimations for relevant parts, the revised optimisation model results in a
system with a tethering cable about half the original length, and a steadier power
output over the loop. The yearly production sums up to 16.8 GWh, as compared to
the original model which would have given 42.9 GWh yearly.
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Sammanfattning

I detta projekt har möjligheten att använda mycket stora flygdrakar 
(500 m2) för att ta tillvara vindenergi för elproduktion undersökts. En 
sådan drake till havs skulle vara kopplad till en generator på vattenytan via 
en lång kabel, och fäst i kabeln med flera styrlinor. En styrenhet reglerar 
automatiskt drakens bana för att maximera den genomsnittliga effekten. 
Jämfört med ett konventionellt vindkraftverk kan man komma mycket 
högre upp och därmed dra nytta av de starkare vindarna där, och man 
undviker tunga konstruktioner som inte bidrar till själva produktionen.

När projektet inleddes fanns en datormodell, skapad av matematiker på 
Ruprecht-Karls-Universität i Heidelberg, men den hade aldrig testats i 
verkligheten och det fanns ingen prototyp. Drakens bana och flyghöjd, och 
därmed kabelns längd, optimerades utifrån att banan är sluten, d.v.s. start- 
och slutpunkt sammanfaller, och med mål att genomsnittsproduktionen 
under ett omlopp maximeras. Systemet genererar el då draken flyger 
bortåt och konsumerar för att ”hämta hem” den igen. En del av banan har 
alltså negativ produktion, men genom att styra draken till minimalt 
luftmotstånd kan den dragas tillbaka med minimal förlust. Anläggningen 
genererar i den här modellen ca 5 MW i genomsnitt per omlopp.

Det här projektet hade två separata uppgifter. Det första steget var att gå 
igenom hela modellen och idén, för att identifiera brister i verklighets-
trogenhet och för att uppmärksamma utvecklarna på praktiska och 
tekniska problem som måste lösas för att kunna realisera idén. Skaparna 
var också intresserade av hur idén skulle stå sig ekonomiskt och hur 
kostnader påverkar valen vid dimensionering av anläggningen. Därför var 
den andra uppgiften att ta fram en modell som även tar hänsyn till 
kostnaderna, och därefter göra nya optimeringar.

Vid genomgången av systemet upptäcktes bland annat att den vindmodell 
som användes gav osannolikt stora skillnader i vindstyrka beroende på 
höjd. Modellen gav därför systemet för stor nytta av att välja väldigt höga 
flyghöjder. Vidare har man inte funderat över vilken typ av generator som 
bör användas eller hur man löser att en väldigt stor volym kabel behöver 
förvaras då den inte är utsträckt i sin fulla längd. I det här projektet 
korrigerades vindmodellen tillsammans med några andra detaljer, medan 
generator- och kabelfrågorna lämnas till utvecklarna att lösa i framtiden. 
Ett förslag som dock ges är att särskilt överväga en linjärgenerator.



Vid den påföljande optimeringen sattes en ny målfunktion upp, som 
istället för att maximera ett omlopps genomsnittseffekt, maximerar ett års 
genomsnittseffekt per investerad valutaenhet. För varje meter högre som 
draken flyger och för varje extra watt som genereras, behövs en längre och 
kraftigare kabel, vilket medför högre kostnader som måste vägas mot 
vinsten i effekt. Avseende effekten gäller att i den första modellen hade 
vindhastigheten antagits vara konstant, medan den nya modellen tar 
hänsyn till att vindhastigheten varierar över året samt att det finns en 
lägsta och högsta vindstyrka för vilka draken över huvud taget kan 
fortsätta flyga. Anläggningen dimensioneras för en specifik vindstyrka 
(märkvind), som motsvarar den högsta genomsnittseffekt anläggningen 
kan generera under ett omlopp (märkeffekt). Vid ännu högre vindstyrkor 
ökar alltså inte uteffekten. Vid optimeringen hölls drakens storlek 
konstant. Dess omlopp och kabelns dimensioner (därmed drakens 
flyghöjd) optimerades, liksom märkvinden.

Det visade sig ganska snart att eftersom kabeln var väldigt dyr antog den i 
optimeringen alltid det uppsatta gränsvärdet för hur tunn den får vara, 
vilket i den ursprungliga modellen var ett fast värde. Samtidigt var den 
maximala kraften i kabeln (och därmed maximala effekten) under ett 
omlopp vid de starkaste vindarna väldigt hög, så att en så pass tunn kabel 
inte skulle hålla. Därför fick gränsvärdet göras om till en funktion av den 
maximala kraften som kabeln utsätts för, och därmed blev resultatet en 
tjockare kabel och jämnare effekt över omloppet.

De största skillnaderna mellan resultaten från ursprungsmodellen och den 
nya modellen var kabelns längd/drakens flyghöjd (kabellängd 566 m 
istället för 1297 m), vilket beror på den införda kabelkostnaden och den 
ändrade vindmodellen, samt omloppstiden (11 s istället för
20 s). Märkvinden och märkeffekten sänktes något och genom att införa 
vindvariationer, förluster och andra produktionsbegränsningar, 
beräknades årsproduktionen till 16,8 GWh, vilken med ursprungs-
modellen annars skulle varit 42,9 GWh.
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Chapter 1

Introduction

One of the very first power sources, not involving animals, used by humanity
was wind. Because of its accessibility, natural occurrence and noticeable
power, it was near at hand to start using it for gaining mechanical power.
Still today, wind is used with the same basic aim, but it is not until the last
years that it has really become a commercially viable alternative for electrical
power production. The properties of wind that led to its usage more than
a thousand years ago still remain, although today it is also attributed the
additional qualities of being both a clean and renewable alternative to oil,
coal and other fossil energy sources.

The traditional way of extracting power from wind is to use sails1 that
are connected to a hub and set into rotation when struck by wind, and this is
still the concept for today’s conventional wind power plants. However, in the
search for clean, environmentally friendly power, some groups of researchers
in Europe are studying a new way of extracting energy from the wind in
order to, among other things, take advantage of high altitude winds and to
make the construction cheaper. The idea is to use kites to harness the wind’s
force and some of the possible arrangements will now be briefly introduced.
It should be mentioned that they are still only ideas, simulated on computers
and at the most, a few simple tests have been made.

1.1 Power producing kites

There are a few kite energy projects currently running in Europe. Here, kites
are intended to be used instead of sails to catch the wind. Unlike solutions
with wings, kites do not require the rotational movement, but may instead
capture wind energy by pulling a cable connected to a generator. One of the

1eng. sail = sv. här vingar
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projects mentioned, however, running in Turin, Italy (Politecnico di Torino),
still uses the idea with rotation as the important movement, tethering a
number of kites to a horizontally rotating device, see Figure 1.1.2

Figure 1.1: ”Kite carousel” as proposed by the Kite Gen team in Turin, Italy,
see www.kitegen.com

Disadvantages of that kind of arrangement may be that it occupies a huge
area and it could easily be subject to great mechanical problems and very high
investment costs. One of the arrangements without rotation is proposed by a
group that works in Heidelberg, Germany (Ruprecht-Karls-Universität Hei-
delberg) and Leuven, Belgium (Katolische Universiteit Leuven) - the group
within which this thesis was carried out, here called the HD-L group. In
their arrangement, the important movement is the linear movement that is
brought about as the kite pulls a cable tethered to a generator, basically
pointing in the current main wind direction, see Figure 1.2.3,4 The genera-

2[Kite Gen]
3[Houska 2006]
4To be exact, the projection of the cable on a horisontal plane would have approximately 
the same direction as the wind.
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tor will be driven by the kite pulling the cable as it moves away from the
generator. The wind causes the kite to move away from the generator, while
a control system (probably to be placed at the bridle point) causes the kite
to move up and down and from side to side, so that it makes use of the
sidewind and flies a certain loop in order to sweep area and to be able to
keep on flying. At some point, the kite will have to be pulled back again,
which requires power input to the kite. Therefore, in this phase the kite is
controlled into a position that minimises drag for the retraction. Depending
on the design of the generator, this phase may or may not directly consume
energy, and consequently possibly needing a motor. The design of the gen-
erator and motor has not yet been in focus, and will not be in this thesis
either.

Figure 1.2: Linearly pulling powerkite as proposed by the HD-L team, Ger-
many/Belgium.

The HD-L group has two main motives for using kites instead of conven-
tional wind turbines. One is that they provide a means of benefitting from
the higher wind speeds that occur at higher altitudes (see Section 1.2 and
3.2.1). The other main motive is that heavy structures are avoided, as this
solution requires no tower and no ”arms” or other stiff parts. Thus, it dis-
tinctly reduces mechanical problems and problems with distant installation
at sea. It is also to believe that this fact makes the system cheaper, which is
a hypothesis to be investigated in this work.

Furthermore, one could imagine more kites being attached to the same
cable, which is in fact lately being more closely examined by a team in Delft
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(Technische Universiteit Delft), Netherlands, where they stack the kites along
the cable,5 see Figure 1.3. Another arrangement of the kites, suggested by the
HD-L team, is shown in Figure 1.4. With this arrangement, several positive
effects are achieved as compared to the single-kite system, one of them being
that the two kites can mutually compensate each other’s retraction phase.
In that way, no motor would be needed to pull the kite in.6

Figure 1.3: ”Laddermill” as proposed by the TU Delft kite team in Nether-
lands; Picture by Lansdorp, B., Ockels, W.J., 2007; Building and testing
of the 4 kW Laddermill Groundstation, IASTED EuroPES 2007, Palma de
Mallorca, Spain

A more developed technology for kite power is that used by a company
called SkySails R©, where kites are used for pulling large cargo ships in order to

5[TU Delft]
6[Houska 2006]
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Figure 1.4: Two cooperating kites under the working name ”dancing kites”
by the HD-L team.

Figure 1.5: A SkySails kite pulling a ship; Copyright SkySails
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lower fuel consumption. This technique has already gone through successful
testing runs and was taken into commercial use in 2007, see Figure 1.5.7

Compared to traditional sails, kites are more flexible and efficient and they
also add the advantage that the prow is slightly lifted and hence the ship lies
better in the water.

In this work, the Heidelberg-Leuven model only will be assessed and
therefore we will now take a closer look at that particular system and it will
hereafter generally be referred to as the model or the system.

1.2 The Heidelberg-Leuven model as of Oc-

tober 2006

At the beginning of this project, a mathematical-physical computer model of
the system was available as developed by Prof. Moritz Diehl and Mr. Boris
Houska (the basic model).8 It was taken out using the optimisation and
simulation tool MUSCOD-II described in Section 3.1. No prototype existed
and in the project only a few aspects outside the mathematical-physical world
were considered.

The basic model optimises the thickness and length of the pulling cable
as well as the height above sea/ground and the kite’s flying loop in order to
gain maximum power at the wire abutment on the generator. The size of the
kite itself is set to 500 m2. The wind speed is modelled using the wind shear
model, which states that wind speed increases with altitude and is dependent
on the local properties of the surface of the earth, represented by a number
called roughness length. In the basic model, the roughness length is set to
0.1 m and the wind speed is constantly 10 m/s at a height of 100 m. The
concept of wind shear is further described in Section 3.2.1.

Moreover, the basic model takes cable properties such as strength, density,
elasticity and air friction into account, as well as kite properties such as size,
weight, drag and lift coefficients etc. According to this model, the cable
length needed would be around 1300 m and the thickness 6.7 cm for achieving
optimum results. The kite would then produce nearly 5 MW in average at
the wire abutment and the optimal loop would be a kind of lying eight
with the width 400 m, flying between 275 and 540 m high, with a speed of
almost 70 m/s and taking approximately twenty seconds to complete a loop.
The cable density is set to 1450 kg/m3 which would give a total mass of the
cable of 6630 kg with the cable dimensions mentioned.

7[SkySails]
8[Houska 2006]
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The loop is described by the diagrams in Figure 1.6, where θ is the angle
between the pulling cable and a vertical line through the generator and φ is
the angle between the projection of the cable on the horizontal plane and a
horizontal line through the generator. Some important properties used in the
basic model are specified in Table 1.1 together with some of the optimisation
results. For a thorough insight into the basic model and the equations used,
the reference [Houska 2006] should be consulted.

Table 1.1: Some important parameters and results for the basic model

Name Symbol Value
mass of the kite mk 850 kg
area of the kite A 500 m2

cable density ρc 1450 kg
m3

gravitational const. g 9.81 m
s2

air density ρ 1.23 kg
m3

reference wind w0 10 m
s

reference altitude h0 100 m
roughness length hr 0.1 m
cable length r0 1237-1297 m
cable diameter dc 6.7 cm
cable mass 6630 kg

1.3 Purpose, assumptions and delimitations

In this thesis, a powerkite of the kind developed in Heidelberg/Leuven will
be examined. A model assessment is to be performed with the system per-
spective in the centre of gravity. Thereafter, the model will be extended in
terms of wind data, economy, losses and limitations. The purpose of this is
to take the model closer to the real world, hence coming closer to the answer
if such a system may in reality be either complementary to conventional wind
power or an alternative to it. It should give the developers hints on what
needs to be done when realising the idea.

The fundamental assumptions are that there is a single powerkite, as a
part of an offshore powerkite farm; There is a control unit, assumed to be
placed at the bridle point as in the SkySails-system, see Figure 1.2; The
whole system, including the generator, is expected to be easily rotatable and
to automatically turn into the main wind direction. Therefore, it can be

7



Figure 1.6: Output from MUSCOD-II. The upper diagram shows the sideways 
and up-/down-ways motion of the kite. The lower diagram shows the length of
the cable during the loop. The dotted line marks the retraction phase, i.e.
when the cable is pulled back.
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approximated by an immovable system with the wind always coming from
the same direction; There is no foundation as for conventional offshore wind
power, but instead the generator will be carried by a floating device tethered
to the seabed by four lines.

It should be remembered that such a powerkite has as yet neither been
built nor is planned to be built, and as concerning the optimisation part of
this work, the model is a model of a scenario, not of a specific installation-
to-be. Consequently, many assumptions and approximations are introduced
along the way. However, the model is being expanded with new terms in a
general sense, allowing the scenario to be easily updated whenever new input
data become available. In this way, the extended model can be used in the
future progress of the powerkite project as it approaches realisation.

For the system assessment, on the other hand, only general assumptions
are used rather than any specific scenario.

9



Chapter 2

System assessment

The term system assessment refers to an analysis of a particular machine, 
process or other device, as seen from a system perspective. Then, when
claiming to doing something with a ”system perspective”, the first question
one has to answer is ”what is a system perspective?”. My answer to this
question is:

A system perspective is the perspective in which the interac-
tion between the realisation of a technical solution and the outer
world is seen.

This means that a complete study of the system perspective would an-
swer the questions of how the machine affects everything around it and how
everything around it affects the machine. Hence, it addresses the issues that
are not of the strictly theoretical kind, such as losses, limitations, economics,
environmental and social issues. In practice, however, you are of course
not able to study the interactions with everything around, but choose the
branches of interest for the ”realisation” in focus.

Regarding this particular technical solution, a good, mathematical model
existed in October 2006 when this work started. However, it was still mostly
only a mathematical model, lacking many real world factors like those men-
tioned above. Therefore, this model assessment will be carried out, putting
the model into a system perspective and searching for possible deficiencies.

Now, in order for powerkites to be a real competitor on the wind energy
market, there are three basic essentials that have to be checked over and
accounted for.1 These are:

• It must of course produce energy. This we know it can do, but how
much it might be in reality, that is the question.

1[Wind Energy Explained, p 429]
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• It must be durable. A system that needs to be exchanged or repaired
twice a year, for instance - or maybe even if only once in several years
- may be a bad choice.

• It must be cost-effective, because what it all comes down to in the end
is money.

After the three basic criteria, there is a fourth, which is almost as funda-
mental for the system: It has to work well with the environment and society,
meeting the needs and constraints of both.

These four points will now be assessed in more detail, although a complete
assessment would be beyond the scope of this work, if it is at all practicable.
At the end of the chapter some additional aspects and ideas will be mentioned
as well. The model to be investigated is as it was in October 2006 when the
work on this thesis started. Some of the shortcomings discovered in the
system assessment will however be handled here later on, being a part of the
optimisation. It should also be noted that there has been other work done
in parallel with this, their mutual influence however being very limited.

2.1 Survival

A power plant of any kind will face many wearing factors over the years,
none of which should make it go down in one strike or wear-out too fast
when used over the years. Therefore, the plant has to be constructed to
meet and survive these factors. For powerkites the following are probably
the most urgent such risks to bear in mind for the future development.

The very first thing to consider is the effect that the rough conditions
out at sea exert on the system - all parts of the installation, not the least
transmission cables, are affected by the wet and salty environment and may
for example easily corrode if not properly protected, or break in icy con-
ditions and so on. Waves is also an issue since they exert great forces on
the installation and are additionally wearing because of their cyclic nature.
Other weather components also affect the system; What happens, for ex-
ample, when there is frost or snow on the kite or on the pulling cable? Or
when they are wet after a rainy day - can the system still operate in such
conditions? And could it survive a thunderstorm or a hurricane?

Ideally, the system could continue to operate, but if not, it is absolutely
necessary that it at least can be safely taken down and easily taken into
operation again after the disruption. When this is guaranteed, one must go
on examining to what extent such factors affect the lifetime of the system,
because unfortunately the popular saying ”what does not kill, strengthens”

11



does not go for technical devices. Moreover, if the kite or cable for some
reason still goes down and touches the water - either only partly or completely
dips - it should neither sink, nor be too hard to get up flying again.

In addition to the cyclic forces from waves, there are other cyclic stresses
that wear the power plant. These arise because the kite flies a loop. The
loop is three-dimensional, which means that the kite both swings the wire to
and fro and pulls it in and out.

Another issue of survival is that materials, especially textiles, are often
sensitive to long-term sun and heat exposure, and may wear-out quickly.

Last but not least, there is the inevitable normal aging of all parts of the
system. As time goes by, they all get weaker, eventually becoming useless or
even breaking.

2.2 Energy production

There are several factors that limit the power output and hence the amount
of energy produced in the long run. These factors can be divided into losses
and limitations, where the issue of losses deals with the fact that a certain
percentage of the energy input from the wind always is lost during all con-
version steps and transmission of the energy, whereas the issue of limitations
addresses the facts that a power plant cannot use all the incoming power,
both as counted in time and in the amount of power, and that the power
input is sometimes less than the system could have taken in. As will be seen,
there are also some possible improvements that would enhance the power
production as compared to the basic model.

Losses

The basic model calculates the power at the wire abutment, which means it
inevitably misses the losses in the generator, gears and transmission lines,
which can be expected to be significant and probably the most important
loss factors to incorporate into the model in order to obtain a realistic value
of the useful energy produced. What happens just before, under and after
the transition from generator to motor and vice versa should be particularly
interesting.

Since the wire is very long and also heavy, it will not be absolutely
straight, but curve both down and to the side because of gravity, inertia
and side winds. This means that the force the kite exerts has a component
perpendicular to the pulling direction and hence is unusable for the generator
and must be considered as a loss.

12



Both kite and control unit will of course contribute to general losses aris-
ing from things such as impurities on all surfaces and the stochastic factor,
but these will most likely be small, probably negligable. Friction between
the air and the kite/cable is already taken into account in the model, but
that is not the case for the control unit. This is, however, far less significant
than for the other two and might just as well be left out. Instead, there are
other factors concerning the control unit that may be reasonably accounted
for, namely the two facts that (1) the unit is not infinitely fast but can only
steer by feedback in discrete time and - especially - (2) that power is required
to steer the kite.

A loss of the non-technical kind is the loss that arises from unusable and
changing winds. Unusable winds can include, for example, turbulence or
upwind gusts, since they can’t fully or not at all contribute to the kite’s
pulling of the wire. ”Changing winds” refers to winds that would have been
useful if they had blown long enough in that wind speed or direction for the
kite to adapt to the changes. But the whole system has an inertia even if the
control would be infinitely fast. Here, one must be careful not to count a loss
twice, however, since the problems of discrete time control and of changing
winds overlap, in that the loss due to discrete control makes no difference if
the wind is changing too fast anyway, for the kite to adjust.

As mentioned in Section 2.1 about survival, weather in general affects
the powerkite system. But it not only concerns the survival, it also changes
the conditions for the performance. For example, the named scenarios with
frost, snow or rain on the kite, change the weight and the surface properties
such that the power output is affected, probably negatively.

Limitations

When considering limitations in time for power production, it is often most
convenient to consider a period of a year, because a year is the longest natural
cycle of external changes that the power plant is subject to during its lifetime.
Of particular importance is how big a part of the year the kite can produce
energy, for how big a part it can operate at its optimal level for the prevailing
conditions and at how big a part the prevailing conditions are optimal.

The dominating factors influencing the total operation duration should be
the cut-in and cut-out wind speeds, i.e. the lowest and highest wind speed,
respectively, at which the powerkite can operate, and the time needed for
maintenance stops - both preventive and unscheduled. Factors affecting op-
timal operation duration to the largest extent are limitations in the gears
and generator as well as the wind speed probability distribution over a year,
since the powerkite system will have a specific wind speed or wind speed
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interval at which it operates best and this speed will only prevail a certain
part of the year.

Other limitations include those that limit the model parameters directly,
such as cable diameter and maximum/minimum flying speeds. The former
might be a very real issue, since the basic model has the optimum wire
thickness 6.7cm, whereas in reality it seems very hard or even impossible to
find a wire with a diameter larger than five centimetres. This problem may
however be easily overcome by using two or more thinner wires, thereby of
course affecting the properties of the ”total cable”. When it comes to flying
speeds, the kite already flies 69m/s (∼250km/h, ∼155mph) which is quite
fast, so even if, for example, a much higher lift coefficient for the kite was
possible, it would yield such a high flying speed that it might be too fast in
practice, for example for stability reasons.

2.3 Economy

The economy of wind power and other renewable energy is somewhat special. 
On the one hand, the generating cost is affected by the fact that renewables 
are often of the kind that you can not have the resource in stock (wind, solar, 
geothermal etc.). With these, one has to cope with the natural changes, 
meaning the energy output – and hence the generating cost – probably is 
not reliably guaranteed. The output is also dependent on where the power 
station is situated, as for example that the output from a solar panel depends 
on the number of sun hours in the area and the output from a wave or 
wind power station depends on regional wind climate and the local topology. 
Moreover, this together with the fact that technologies for renewable energy 
are relatively new, entails that they are met with a certain measure of 
skepticism by people in general.

On the other hand there is the concern of market value also putting
renewables in the special economic situation. The market value for renewable
energy involves, amongst other things, both different issues of environmental
benefits and issues such as the possibility of connecting remote areas to a local
power station when it’s not convenient or even possible with a traditional
power plant.

Figure 2.1 gives a well-arranged picture of how the economics of wind
energy is determined. It is originally drawn having conventional wind power
(from here on cWiP) in mind but is just as well applicable for kite power. By
assessing all of the parts shown, the cost-effectiveness of the system can be
obtained. That would however be beyond the scope of this essay, and instead
capital costs only are gone through for finding a good estimation. This is
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carefully done in Appendix A with the result that a 5 MW powerkite 
would be slightly cheaper than cWiP of the same size. The total amount 
needing to be invested initially is then 3.4 million euros.

Figure 2.1: Components of the economics for a wind power system; Repro-
duced from Wind Energy Explained, J.F. Manwell, J.G. McGowan and A.L.
Rogers, with permission; Copyright 2002 by John Wiley & Sons Limited,
2002

In the optimisation’s part, it will be found a number of how great the
capital cost may be, counted per average output kW, as opposed to the cost
per installed kW as in the appendix. There, important parts of wind regime,
availability and energy efficiency are handled. The main part of the energy
capture efficiency of the machine is of course handled already in the basic
model. Thereby, the in wind power business popular measurement cost of
energy, being practically the left side of Figure 2.1, can be approximatively
determined once a reliable estimation of lifetime as well as costs for operation
& maintenance and financing is known, which is far from the case today.
When it is done, you have a value of the smallest possible price you can
set on a produced kWh if you want to sell it and not doing a poor piece of
business.

2.4 Environment and society

When building a power plant, there are many environmental and social issues
to address. In the EU and many other countries it is decreeded to perform an
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environmental impact assessment (EIA) as well as a strategic environmental
assessment (SEA) preceding the verdict of whether the planned plant can
be constructed or not. These make up a huge work that should thoroughly
take up all possible impacts the installation may have on people, animal and
nature and includes both construction phase and operation phase as well as
shut down phase. It must show on a ”zero alternative” - i.e. what will happen
if the construction is not made? - and should give both a ”main alternative”
for the design, siting etc. of the construction, and if possible one or more
”secondary alternatives”. A briefing on environmental aspects to be regarded
is given by the arrangement to follow.

Animals: Fish, jellyfish, shellfish, water mammals: seal, whale and more,
plankton, algae, birds, bats etc.

• shadowing in general, moving shadows in particular

• disturbed nesting and migration ways (the effects
may however be positive as well as negative)

• magnetic fields (mainly from cables)

• vibrations, noise - both mechanical and aerodynamic

• mudding in the initial and shut down phase

Human

• visual impact: the static factor as well as the fact that it is moving,
the latter probably the most disturbing2

• shadows, mainly cyclically appearing

• noise - probably quite a small problem because of the distance from
the shore, but still not to be disregarded

2With the assumed 5km distance from the shore, we have that, when standing on the
shore, the kite would look as big as a peppercorn held at arm’s length and it would be
just at the horizon, flying about two finger widths above it.
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Nature: plants, air, water, ground etc.

• similar problems for sea plants as for animals

• irreversible operations on sea bed

• carbon dioxide and other emission from the powerkite’s diesel motor
and from installing, operation and shut down vehicles

• depletion of raw material wells if the technology grows big

Apart from these, a powerkite farm would have additional impacts being
rather on the side of society-oriented. Firstly, the whole system has to be safe
so that it, for example, will not break and hurt anyone. Secondly, aviation,
shipping and navigation, fishing, air- and water sports may all be consider-
ably affected by an installation occupying square kilometers of sea area and
reaching several hundred meters up in the sky. Not only are the powerkites
there, but they may also place themselves in quite different positions from
time to time as wind direction changes. Therefore, the problem is yet bigger
since nautical (and aerial) charts would be able to show only a rough picture
of the real situation and no actual positions. Thus, some kind of signaling
system would probably be dictated.

Furthermore, for a specific installation a lot of pre-work other than the
EIA and SEA has to be done. Research for a good siting is to be done,
involved people such as fishers and land owners (e.g. for connection to the
shore) should be contacted, a number of permissions are to be applied for
etc. Not the least may the defences have opinions carrying great weight and
a risk analysis should be done first for a powerkite system in general and
later on does it have to be done for every specific installation.

2.5 Model deficiencies and other aspects

The most important findings in the model assessment concerns wind data. 
Firstly, the wind speed is set to be constant which of course is not true when
the powerkite is in operation. Nevertheless it has served its purpose as a good
approximation in the beginning, so as to see the behaviour of the kite. It
should also be mentioned here, that next to this project, another project ran 
simulations in order to find the optimal control when the wind changes
direction and strength each tenth second, for example, and the kite is
controlled to adapt to the new situation.
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But this does not replace the subject of diurnal, yearly etc. wind varia-
tion, which should be accounted for in order to improve the model further.
And what is even more important is to adjust the so called roughness length
in the wind shear model, which will be seen in Section 3.2.1. The basic model
uses 0.1m, whereas Wind Energy Explained3 claims that for open sea it can
often be used such a small number as 0.2mm, and similar numbers have been
seen in other literature as well. For a blown open sea the number is larger,
but still only 0.5mm, i.e. 200 times as small as the number that is de facto
used. As will be seen in the wind shear section, this is a fact with noticeable
importance and thus simulations will here be done with the new values.

Another deficiency is that there is a temperature dependency for air den-
sity which is not taken into account. How big this issue is is of course very
dependent on the siting, but may cause as much as 10% higher power content
in the wind a cold day.4,5

Other things to think through is, for example, the design of the generator
and the cable. Maybe the cable could have a better aerodynamic shape
than being just round? Either way, according to Boris Houska (one of the
constructors of the basic model), the drag coefficient of the cable has probably
been chosen too conservatively. The design in general is of course a big
issue since no prototype is built yet and every part is still to be designed
from ground zero, including choosing the most suited material. In the basic
model, it is for example assumed that the cable is of the material Kevlar R©
which has a density of 1450kg/m3, whereas it may be better, really, to choose
for example Dyneema R© with a density of a little less than 1000kg/m3, thus
having the good feature of floating on water. The idea of ”kite farms” will
also have to be gone over thoroughly to see how they affect each other,
especially to make sure that they won’t get tangled with each other and
to see how the operation of one kite affects the wind incident to another.
Further, should AC or DC voltage be used in the transmission, or maybe
both - AC internally in the park and DC from park to shore? The issues to
think about and questions to answer are many and can’t by far be solved
yet. Many of them, as the question of AC/DC, are cases to be determined
upon from establishment to establishment, and in general many issues are of
the kind that it does not really make sense to try and solve them before real
testing with prototypes has started.

3[Wind Energy Explained, p 44, table 2.2]
4Using numbers and the formulation of the gas law given in Tillämpad termodynamik

and assuming athmospheric pressure, we get ρ = 1
T · 353 kg·K/m3, implying roughly

P(T) = T0
T ·P(T0). (See further Section 3.2.1 about power)

5[Tillämpad TD, pp 48, 76, table 3.63]
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The one thing that definitely has to be solved before going from ”hand-
kites” to a pilot installation, is how start-up and stop will work. For a small
and simple testing plant it may be handled more or less by hand, but it does
not have to be very large before it is an issue of security for both people and
material if the kite can’t be well-controlled taken down to ground. For a
full-scale establishment, the start and stop are crucial to find good solutions
for, something that is very far from trivial. Since one probably will try to
avoid starts and stops as far as possible, solutions where the kite can keep
on flying even if the generator has to stop, may be tried to be found.

19



Chapter 3

Extended
powerkite optimisation

When one wants to find the optimum design and control of a system, there
are basically two things that may affect the outcome: A change in the model
itself or its conditions, and a changed view of what we want to achieve – that
is, a changed objective. In this chapter, the optimisation of the powerkite
system will be extended through both these kinds of changes.

It was seen in the system assessment in the previous chapter that the
model has a number of shortcomings and therefore the model will be modified
in order to account for some of those deficiencies. In the introduction, it was
explained that the Heidelberg-Leuven powerkite model used to be optimised
as to obtain maximum average power output during one loop. Here, a new
goal is set, being to find the system that produces the most power per invested
euro. In the end we want to obtain a model that includes realistic wind
data and losses/limitations for the yearly output and find at what power the
machine should be rated for achieving the most advantageous economical
situation.

Doing this, an optimal control package called MUSCOD-II (developed at
IWR1) is used for modelling and optimising the system. A brief description
of the package will be given before the detailed description of the extended
optimisation is started.

On the working course, it should be mentioned that in practice, the
changes are not made all at once and mostly it is advisable to implement
changes step by step in order to retain stability once it is achieved for the
former version of the model. That is, equations for states and parameters
are added or changed one at a time, and if we want to do a major change

1Interdisciplinary Center for Scientific Computing, University of Heidelberg
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in values, e.g. initial guess and bounds, we would rather do several smaller
changes in the desired direction and re-run for each change, until the final
value is reached.

3.1 MUSCOD-II

This section aims at giving an insight into MUSCOD-II, the optimisation
tool that has been used during this work, with the features the most relevant
here. The overview is based on the MUSCOD-II Users’ Manual,2 which may
be consulted for a complete description of the tool and the mathematical
methods it involves.

3.1.1 General description

In the MUSCOD-II manual, the package is introduced with these words:

MUSCOD-II is a robust and efficient optimisation tool that allows
to quickly implement and solve very general optimal control problems
in differential-algebraic equations (DAE).

In MUSCOD-II, the state of the system to be optimised is at each moment
represented by two vectors x(t) and z(t), corresponding to the differential
and algebraic states, respectively. For controlling the behaviour of the sys-
tem, a global design parameter vector p and control vector u(t) are used.
The optimisation period may cover one or more stages, defined to represent
different conditions that occur (changing over time). In our case, we have
only one stage, and this is set to have a variable (free) stage duration hi,
which is simply the time it takes to complete a loop.

The objective function Φ should be formulated as a function we want to
minimise, and is in our case of the form

Φ = Φ (T, x (T ) , z (T ) , p) .

This function is evaluated by MUSCOD-II for T being the time at the end
of the stage and with that, the whole optimisation problem is solved by
the program using a mathematical method for optimisation called the direct
multiple shooting method. Shortly, this means that the optimal control func-
tion that we search is piecewisely approximated by dividing the model stage
into subintervals in time, called multiple shooting intervals, on which ”local”
control parameters are used for the approximation. The user chooses the

2[MUSCOD-II Manual]
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type of approximation that MUSCOD-II should use – in our case piecewise
constant functions are chosen – and the problem is then solved by iteration,
independently for each interval.

Initial guesses and bounds have to be set by the user, and constraints may
be added as well. For instance, most of the differential state variables in our
case are constrained to have the same value at the end as at the beginning,
as to obtain a loop. Such a constraint is called a coupled constraint, since
it relates states at different times or different variables/parameters to each
other. If the constraint is defined as an equality, it is also classified as a
(coupled) equality constraint.

3.1.2 Model files

When using MUSCOD-II, the model of the system to be optimised is defined
by two separate files – the source file and the data file. The source file is a C-
file with a certain structure understood by MUSCOD-II, into which all model
equations are to be entered. Examples of model equations for the powerkite
are the equations for relative wind speeds and directions, equations of motion
for the kite and the cable, equations for drag forces etc. The data file is a
plain text file containing all values and settings such as bounds, initial guesses
and type of control approximation – this too with a special structure.

At the beginning of the source file, we define some useful numbers to
be implemented as macros. They represent the dimensions of the problem,
in order to make it easier to read and to edit. Below, the macros for the
original problem (the basic model) and the new modified model are given,
which gives a good overview of their dimensions.

// DEFINITIONS (basic model):
// -----------------------------------------------------------------

#define NMOS 1 // number of model stages
#define NP 17 // number of parameters
#define NRC 10 // number of coupled constraints
#define NRCE 10 // number of coupled equality constraints

#define NXD 12 // number of differential state variables
#define NXA 0 // number of algebraic state variables
#define NU 3 // number of controls
#define NPR 0 // number of local constraint parameters

// DEFINITIONS (new model):
// -----------------------------------------------------------------
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#define NMOS 1 // number of model stages
#define NP 32 // number of parameters
#define NRC 10 // number of coupled constraints
#define NRCE 10 // number of coupled equality constraints

#define NXD 12 // number of differential state variables
#define NXA 6 // number of algebraic state variables
#define NU 3 // number of controls
#define NPR 0 // number of local constraint parameters

After the macros are defined, there are several C-functions, one each for
defining the following:

• algebraic state equations

• differential state equations

• the objective function with its adjoined equations

• the different constraints (boundary conditions in our case)

Finally, the main function in the source file (which is not the main func-
tion, but to be called by it) then consists of a few lines only, calling mandatory
functions contained in the MUSCOD-II package as to use the above functions
correctly. The main function is contained in the MUSCOD-II standard files.

Among these functions, the ones with the differential state equations and
the constraints have remained as good as unchanged throughout this work.
Instead, the work has been focused on changing the objective function and
adding the algebraic state with all its state variables, giving rise to the greater
dimensions of the problem: 32 parameters and 6 algebraic state variables.3

The results from the optimisation are presented both graphically and
numerically by MUSCOD-II. State variables, objective function, parameters
and controls may be included in the graphics but which of them we want
to show, one has to specify in the data file. Finally, for faster or better
results, one can start a new iteration sequence using the values obtained in
the previous run, except from possibly minor changes that the user may want
to do before re-running.

3Some of the parameters and state variables may have been inactive at different stages
of the work, as well as a few parameters are inactive in the end, because under some
conditions it is inconvenient to remove them once they are added, or they are there to
make it easy to switch between showing a certain property in the output or not.

23



3.2 Model modifications

The first subgoal in enhancing the model is to find a more realistic value for
the average power output as seen from a yearly perspective. In this, the wind
data will be changed using a typical wind speed probability distribution, the
wind shear model will be modified as well as the productive efficiency and
there will be restrictions set on the cable design in order to reassure it will
not break. From the outcome of this, we may find a ”yearly efficiency”, that
is the relation between the actual yearly average power output and the power
output during a loop when the wind speed is the wind speed the machine is
optimised for.

3.2.1 Wind data

Yearly wind speed distribution

When planning a real powerkite installation as well as a conventional wind
power plant, it is important to describe the yearly variation of wind speeds
as correctly as possible in order to be able to design the machine optimally
as concerning power output and generating costs. Further on, the informa-
tion is needed by investors to estimate the income possible from electricity
generation.4 This is something that has to be done in each case, for each
potential siting, since the wind characteristics differ a lot from place to place.
But not only is such wind data necessary in the planning phase, but also at
this modeling stage where we now are, as to achieve a proper model. Here,
we do not have a specific place that is opted for the siting but still wind data
more accurate than an assumption of constant wind speed is needed.

Fortunately, the distribution of wind speeds, w, during a year can in many
cases be well approximated by the Weibull distribution, a fact useful both in
the planning phase and this early modeling phase. The 2-parameter Weibull
probability distribution D(w) is described by (3.1).5,6,7

D (w) =

(
α

β

)
·
(

w

β

)α−1

· e−(w/β)α

(3.1)

Here, α is the shape or slope parameter (dimensionless) and β the scale
parameter in m/s, see Figure 3.1. The values used in the scenario are taken

4[Danish Wind]
5[Wind Energy Explained]
6[Danish Wind]
7[Johannessen et al. 2002]
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from Joint Distribution for Wind and Waves in the Northern North Sea,8

in which wind speeds at 10m height have been measured over almost 30
years on a site on the northern North Sea. According to it, α = 1.708 and
β = 8.426 m/s give a good approximation of the wind speed distribution on
that particular site, and we may let that site be the site of this scenario as
well.

Figure 3.1: Weibull distribution with α = 1.708 and β = 8.426.

Before moving on to the next theme - wind shear -, we shall notice that
the wind power is proportional to the wind speed cubed, or to be exact, the
power P flowing through an area A is 1

2
ρ · w3, where ρ is the density of

air. Hence, when paying interest to the power, the less redundant higher
wind speeds are more important than when the wind speed duration only is
studied. In Figure 3.2 it is shown how the contribution to the power over 
a year is distributed over wind speed.

Wind shear

The wind shear model, shortly introduced in Section 1.2 and 2.5, is a concept
that states that wind velocity w(h) is higher the higher the altitude, as
following the formula

8[Johannessen et al. 2002]

25

Probability



Figure 3.2: Relative power contribution from different wind speeds over a 
year, for the Weibull wind distribution shown in Figure 3.1.

w(h) =
ln

(
h
hr

)
ln

(
h0

hr

)w0,

where h is the height at which w(h) is searched, h0 a reference height at
which the wind velocity is known to be w0 and hr is the so called roughness
length. The value of the roughness length varies from about 0.01 mm for an
ice surface, over 8 mm for lawn grass, up to 3 m for centers of cities with tall
buildings.9 The numbers used in the basic model are hr = 0.1 m, h = 10 m/s
and h0 = 100m. However, 0.1 m is the roughness length typical for ground
with few trees, whereas the kite here is supposed to be placed offshore where
a roughness length of 0.2mm often can be used, or up to 0.5mm for blown
sea.10,11 As the roughness length is decreased, the wind speed increases at
heights below the reference height h0, whereas it decreases for heights above
h0. The same goes for the power carried in the wind, but there, the effect is
even bigger because of the w3-proportionality (see Section 3.2.1). In Figure
3.3 this effect is clearly to be seen in the two rightmost lines (pink and red),

9[Wind Energy Explained, p 44, table 2.2]
10[Wind Energy Explained, pp 44, table 2.2, 405]
11The reason that a surface with big waves has a considerably smaller roughness length

than for example lawn grass should be that the waves are not fixed, but move together
with the wind.
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which only differ in hr and which cross at the reference height 100 m. From
the slope of the curves, we see that the basic model attaches a too great
weight to the gain of flying higher. Even though it is not at all far-fetched to
believe the numerical value of the power be higher than in the basic model
(because of greater w0), the important thing is that it deludes us as well
as the computer to think the kite should go higher when there in fact is
no cause, really, in doing it. The figure shows how crucial it actually is in
general to choose proper wind values; Even the seemingly small difference
in wind speed between the most common wind, 5 m/s, and the mean wind,
7.5m/s gives a striking difference in power.

Figure 3.3: Power per unit area in the wind (horizontal axis) for different
heights and kite at typical flying height

So in order to enhance the model, the roughness length is considered an
important issue and is now set to 0.3mm so to correspond to a somewhat
blown open sea. A reference height of 10 m will be used since the wind
data used in the previous Section (3.2.1) is measured at that height, and the
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reference speed w0 varies over the year according to the Weibull distribution
set-up there.

3.2.2 Productive efficiency

The heading ”productive efficiency” points at items reducing the power out-
put other than those directly affecting the forces on the kite (mainly friction
forces), which are already included in the model. Here, two types of limita-
tions in time are considered as well as the generator efficiency.

Cut-in/cut-out wind speed

When a kite flies, it needs a certain (relative) wind speed to be able to keep
on flying. If it is too calm the kite may crash, and therefore it has to be
taken down deliberately before this minimum wind speed occurs. It is also
possible that even if the kite can keep on flying, it might not pull strongly
enough to make the generator deliver useful power. It is not necessarily so
that this wind speed in reality is the same as the one at which it is possible
to start-up the system again, but here they are supposed to be. Similarly, a
highest wind speed must be set in order that no part of the system breaks
because of the high forces strong winds exert on it, or that the generator
becomes overloaded.

In accordance with the lowest and highest wind speeds at which a cWiP
plant operates, these numbers will be called the cut-in and cut-out wind
speeds, respectively. For cWiP, typical values are about 3-4m/s and 25m/s
at hub-height. Let us assume that a kite can operate in the same interval.
In that case, as the kite flies considerably higher than the hub-height of a
cWiP station (some hundred meters above the sea versus seldom more than
hundred for cWiP), the wind shear model gives that we could rather use
3m/s and 22m/s (at 10m height).

Availability

In the wind power field, the concept availability is usually used as a measure
of the fraction of a year that the plant is available for power production. This
means that during maintenance and repairs, the machine is counted as not
available, whereas it during downtime due to cut-in and cut-out is regarded
as available. Even for conventional wind power, it is hard to estimate the
availability for a specific installation, and for a completely new technology
that has not even been tested, it is simply impossible. However, by cWiP
nowadays, it is normally expected an availability of at least 95%, often yet
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more. But in the early days of modern wind power, the availability was
usually in the size 20 % and a similarly low availability will for sure be the
reality in the beginning for powerkites as well. In the scenario used in this
work - which pressupposes the technology be ripe - it is assumed that we have
to have found a solution that requires maintenance (both unscheduled and
preventive) no more than 20% of the time, i.e. the availability is definitely
at least 80 %, probably in the proximity of cWiP, so we can choose 90 % for
this scenario.

Generator efficiency and other

The electrical and mechanical efficiency of a conventional generator is usually
very high, typically 97%.12 To have a bit of a margin, a value of 95% is used
here. If one wants to add other efficiency factors, this is easily done, as will
be seen later on.

3.2.3 Cable design

In the system assessment we touched the subject of using another material
for the pulling cable. The proposal was to use Dyneema R©and that is exactly
what we will do in this scenario, which gives our cable a density of approxi-
mately 1000 kg/m3. Another important property of the cable material is its
tensile strength, because it determines the maximum tension the cable can
hold without breaking, depending on its diameter. As will be seen later, the
cable is a very expensive part of the system and since it is very long, the
diameter makes a big difference for the total cost. Because of that, when we
optimise with economy in focus, the diameter may easily become too small,
so that the cable in reality would break.

To avoid this, a new constraint is introduced, namely that the force in
the cable, Fc [N], must never be greater than the maximum force the cable
can hold, Flim,dc [N] for the diameter in the case. With the tensile strength
being τ [Pa] and the diameter dc [m], we have from the definition of τ (or
simply of 1 Pa),

Flim,dc = τ ·
(

dc

2

)2

· π (3.2)

and, with a safety factor σ, the constraint is written as:

σ · |Fc (t) | 6 Flim,dc , ∀t. (3.3)

12[Vattenfall]
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Table 3.1: Variables used in the cable design section (Section 3.2.3).

Symbol Description Unit

AQ cross-sectional area of pulling cable [m2]

b internal friction of the cable [kg/s]

b5 internal friction of a cable with dc = 5cm [kg/s]

D spring constant of the cable [N/m]

dc diameter of the pulling cable [m]

ds first derivative of s [m/s]

E coefficient of elasticity for the cable [Pa]

Fc the force on the cable [N]

Flim,dc the maximum force a cable of diameter dc could hold [N]

r0 length of pulling cable [m]

s elongation of the cable [m]

σ the safety factor

τ tensile strength [Pa]

The values of Fc and dc are now to be matched: Higher forces − higher
production− higher income, but also higher forces− larger diameter required
− higher costs. The force Fc is computed through 3.4 as follows:

Fc = −(D · s + b · ds) (3.4)

with D =
E·AQ

r0
, b = b5 ·d2

c and the two differential state variables s and ds, all
variables specified in Table 3.1. Finally, the value of τ is typically 1600MPa
for a Dyneema cable in this case and the value of σ is chosen to be 2.13

13information/recommendation from Mr Bas Lansdorp, TU Delft
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3.2.4 Incorporation of model changes

Now that we know the background of the changes to be done, it is time
to incorporate them into the model. The trickiest problem thereby is how
to alter the wind speed from a simple constant value and an optimisation
duration of one loop of ∼20 s, to a wind speed varying over a year, covering
the time of approximately 1.5 million loops. We need to find a common value
of the cable diameter dc for all wind speeds and an overall maximum cable
length r0,max, at the same time as the trajectory has to be optimised for
each loop, since the kite control u has a dependency on the wind speed w,
u = u(t, w). How this is solved will be shown in the next section under the
heading ”yearly power production” and thereafter the issue of cable design
will be treated.

Yearly power production

To find out the yearly average of the power production, it would, as said,
seem as if we needed to optimise each loop, or at least each group of loops
belonging to the same sufficiently small wind speed interval. Fortunately
enough, it has however already been checked by the HD-L team before, that
the average power output during a loop, Ploop, is approximately proportional

to the cube of the wind speed, i.e P1

P2
=

w3
1

w3
2
− similar to the power content in

the wind. In a realisation of the system, this would be valid for wind speeds
below the so-called rated wind speed, w∗, for which we reach the maximum
power the generator can deliver. Above this wind speed, the power output is
constant. Outside of the cut-in and cut-out wind speeds ci and co, the power
output is of course zero. Accordingly, we can sketch the machine’s power
curve as in Figure 3.4. To include the availability Λ, generator efficiency η
or any other efficiency factor, we simply multiply the whole expression by
the corresponding factors and with this knowledge we are ready to write the
average yearly power output, Pyear, as follows.

Pyear = η · Λ ·
(∫ w∗

ci
Ploop (w∗) ·

(
w
w∗

)3 ·D (w) dw +
∫ co

w∗ Ploop (w∗) ·D (w) dw
)

=

= η · Λ · Ploop (w∗) ·
(

1
(w∗)3

·
∫ w∗

ci
w3 · α

β
·
(

w
β

)α−1

· e−(w/β)α

dw +

+
∫ co

w∗
α
β
·
(

w
β

)α−1

· e−(w/β)α

dw

)
(3.5)
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    To compute the first integral is not trivial. The second term constitutes no 
problem, since it is simply the cumulative probability distribution and can 



Figure 3.4: Main feature of the power curve for a powerkite.

be looked up in any handbook of mathematics. It is also relatively easily
computed, being a standard problem with an inner derivative. For now
disregarding the constant factors outside the integrals, the outcome of the
second term is∫ co

w∗

α

β
·
(

w

β

)α−1

· e−(w/β)α

dw = e−(w∗/β)α

− e−(co/β)α

. (3.6)

For the first term, we need to identify the structure of the so-called (lower)
incomplete gamma function.:

γ {a, xlim} =

∫ xlim

0

xa−1 · e−xdx, a, xlim > 0 (3.7)

Performing substitution of variables, setting a = 3
α

+ 1 and rewriting the
integral on the form ∫ w∗

ci

· · · =

∫ w∗

0

· · · −
∫ ci

0

· · ·
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yields the following formulation.

Pyear = η · Λ · Ploop (w∗) · ( 1
(w∗)3

· [ γ {3/α + 1, (w∗/β)α}+

−γ {3/α + 1, (ci/β)α} ] + e−(w∗/β)α − e−(co/β)α

)

(3.8)

At a first glance it may look as if we have gained nothing doing this refor-
mulation, and it is not trivial to compute the γ-function itself. But a suitable 
formula exists, that allows for a relatively easily implementable computer 
approximation. The formula looks like this:14

γ {a, xlim} = (xlim)a · e−xlim ·
∞∑

n=0

(xlim)n

a (a + 1) · · · (a + n)
, (3.9)

and it is the last mathematical brick needed for the computation of the yearly
average power output. The code for the C-function written for this purpose
(called gammaK) is enclosed in Appendix C, together with the piece of code
computing Pyear

Ploop
. The approximation of the γ-functions consists in that we

cannot continue the summation until infinity. The function is, however,
written to include all terms greater than or equal to a millionth of the first
term, which definitely should be accurate enough.

Incorporating new cable design

Concerning the length of the cable, we will not do any changes in the design,
since the length is a free algebraic state variable and it will be optimised.
However, a new parameter and a new algebraic state variable are introduced
to keep track of the maximum length the cable needs. This is done in the
following way.

• A new parameter rmax (the maximum length of the cable) is intro-
duced and set to be free (in a range between 800 and 2000m).

• A new algebraic state variable, xa[6] is introduced in the C-code by
the following line.

f[6] = xa[6]-(rmax - r0);

14[Press et al. 1992, p 210]
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This line is to be interpreted like this: The number ”6” identifies which
variable we are dealing with; The left-hand side f[ ] is set by MUSCOD-
II to be equal to zero; The state variable xa[6] is then consequently
equal to what comes behind the minus sign, i.e. in this case ”rmax -

r0”. Hence, xa[6] may be called rdiff , since it represents the difference
between the maximum length of the cable and the actual length at each
moment.

• The state variable xa[6] is set to be free in the range zero to some
arbitrary, large number (10,000m was used). This way, MUSCOD-II
reassures that rdiff is never negative, by finding an rmax for which
rmax ≥ r0 always holds.

• The risk of rmax being chosen larger than the actual r0,max, is sup-
pressed by the fact that the total cost is to be minimised, and the cost
of the pulling cable, Cpc, which is a part of the total cost, rises with a
larger rmax .

• The cost of the cable is represented by the algebraic state variable xa[1]:

f[1] = xa[1]-cpull*rmax*(dc/2.0)*(dc/2.0)*PI ;

Here, cpull is the cost per cubic metre cable and dc the diameter. This
variable is of course free too and directly depending on the length and
diameter of the cable.

To implement the new conditions for the cable, we start by changing the
cable density, which is done by simply changing the value in the data file.
The constraint on the diameter is then applied by adding a parameter and
an algebraic state using the same technique as above when r0,max was to be
found. Here, Flim,dc has the same function as r0,max before, i.e. they are both
the delimiter in the respective case. Flim,dc is, however, not a parameter to
optimise itself, but it is directly dependent on the parameter dc as in (3.2)
and follows its changes over the iterations. The term that always should be
smaller is of course σ|Fc (t) |, the left-hand side of (3.3), and corresponds to
r0 in the example.

3.3 Modification of the objective function

After having changed the model so that we have the average power output
for a whole year and having made sure that the cable does not burst, it is
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now time to include the economics. The choice of objective function will
be motivated and it will be shown how it is implemented and what kind of
outcome is possible.

3.3.1 A new objective

The new objective is to find the design that is the most economical. This
could be done in several ways among which the most natural to think of
may be to take income from selling energy minus expenses for producing
it, or the so-called cost of energy, CoE, number commonly used in cWiP,
that gives the cost per kWh and it includes ”everything”. Doing that, we
would however need information about lifetime, interests, costs for operation
and maintenance and energy prices, things that we know very little about
− if anything at all − or that are very different from time to time and from
place to place etc. In cWiP, another common measure is investment cost per
kilowatt installed, which is typically of the order of size e1000. We want
to find that value for a powerkite too, but what we really want to minimise
is the cost per average kilowatt produced. Naturally enough, costs as well
as power output increase with increased system size, so we have to find a
balance, the point where another invested euro would yield an increased cost
per overall power. Thus, this is our new objective Φ, although for practical

reasons it is implemented as Φ =−Pyear

Ci
, Pyear being the yearly average power

output and Ci being the capital cost. 
  As already mentioned, the cable diameter and length are free in the 
optimisation, but now we will also use a free value for w∗ – the rated wind 
speed, meaning in practice that we let MUSCOD-II find the best value for the 
rated power Prated = P(w∗). The obtained result depends on the particular 
wind speed probability distribution and is thus only valid for the specific 
siting of our imaginary machine, but nevertheless could this be a valuable tool 
in designing a real system. Compactly expressed, the new task is:

Find dc, r0,max, w∗ and the kite control u(t, w∗)

such that −Pyear

Ci
is minimised.

3.3.2 Incorporation of the new objective

For the incorporation of the new objective into the optimisation we need
of course a huge amount of numbers for the cost of the different parts of
the machine and the installation etc. The values for these estimations and
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a thorough description of how they are found are enclosed as Appendix A.
The same division of the costs are made in the implementation as in the end
of the appendix, i.e.:15

cost of pulling cable, Cpc cost of kite, Ck

cost of tethering cables, Ctc cost of generator, Cg

”quasi-proportional” cost, Cq

In order to calculate each of these subcosts, a number of new parameters 
are introduced to represent the cost per unit, as well as parameters and
algebraic states for finding r0,max, Pmax (used for the latter two cost
terms) and for the calculation of the pulling cable cost. The following
equation computes the current power P at the generator, with Fc as in (3.4)
and dr0 being a differential state variable, the first derivative of r0.

P = −Fc · dr0 (3.10)

With the variable names from Table 3.2 , we have for the cost the following
five equations.

Cpc = cpc · r0 ·
(

dpc

200

)2

· π (3.11)

Ctc = ctc · 4p ·
(

dtc

200

)2

· π (3.12)

Cq = cq ·
(
2.5 · 106 +

(
Pmax − 2.5 · 106

)0.8
)

(3.13)

Ck = ck · A (3.14)

Cg = cg · Pmax (3.15)

Recall that the objective function is Φ =−Pyear

Ci
. Pyear is found as in the

previous section and Pmax above is found in the same way as r0,max before.
The four costs that are related to the power production Cpc, Ck, Cq and Cg are
all introduced as algebraic state variables as shown for Cpc. Ctc is a constant
and is not related to the power output, hence being easily computed as
above from the given parameters. Remains only the final formulation of our
objective function. We have the power per invested euro, Pi [W/e]= Φ:

Pi =
Pyear

Cpc + Ctc + Cq + Ck + Cg

(3.16)

15see Section A.1.3 to understand Ctc and Section A.1.4 for Cq
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Table 3.2: Variables used in cost calculations in Section 3.3.2.

Symbol Description Unit

A area of the kite [m2]

c cost per unit [e/unit]

C total cost for the item [e]

dpc diameter of pulling cable [m]

dtc diameter of each tethering cable [m]

p sea depth [m]

Pmax overall maximum power production [W]

r0,max overall maximum cable length [m]

3.3.3 Outcome

By doing the above optimisation, we obtain several relevant numbers. Strictly,

our main outcome is −Pyear

Ci
, but along the way we have also found:

1. the optimum Pmax(6= Prated) (=p[25])

2. the corresponding w∗ = wrated (=p[24])

3. the produced energy per loop at w∗ (=x[11])

And with minor calculations we find:

1. Ploop = P̄(w∗) = Prated

2. Pyear

3. the yearly efficiency Pyear

Prated

4. the rated efficiency Prated

Pmax
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5. yearly energy deliverance

6. cost per kWaverage

7. cost per kWrated

8. total capital cost for the installation

Additionally, it would now be possible to calculate the formerly mentioned
CoE, if we put values on the hitherto unknown numbers mentioned in begin-
ning of this section (in Subsection 3.3.1), such as lifetime and energy prices.
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Chapter 4

Results and discussion

The optimum rated power was found to be 4.3 MW, which is in the same order
of size as intended from the very start. Using the expression (A.4) in Appendix 
A for cost estimation, modified for 4.3 MW, we find that
the cost for a corresponding conventional wind turbine is 786 e/kWinst. For 
the kite we get, with all numbers and assumptions made here, a value of

667 e/kWinst, that is, more than 100 e less per kWinst. For the whole instal-
lation, this makes 2.9 Me for the powerkite and 3.4 Me for the conven-
tional wind turbine.

It should be noted that for the powerkite we get quite another value
if we count the installed power for the generator alone instead, since the
rated power of the whole system is the maximum loop average, whereas
the generator is designed to be able to deliver the maximum power obtained
during the maximum loop, which is more than double the value. To be exact,

Pmax is 9.2 MW which would give a cost of only 315 e/kWinst. It seems, 
however, more interesting and reasonable to use the former value as a
measure of the cost.

The rated wind speed w∗, for which the maximum loop average power 
output is first reached, is 8.8 m/s and the dimensions of the cable is 566 m in
length and 6.9 cm in diameter. We note that the cable is now even thicker
than in the basic model, which implies there may be a need for another
solution than a single cable. We also note that the cable is considerably
shorter now - not even half of the length in the basic model. Two important
reasons for this ought to be that:

1. the basic model gave a too great weight to higher flying heights because
the roughness length in the wind shear model was too large, and

2. the cable material is very expensive.
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Furthermore, the yearly efficiency Pyear is 44% and the yearly production
Prated

of electricity amount to nearly 17 GWh, which corresponds to the use of
domestic electricity for 3400 households.

The most important used numbers as well as the achieved ones are spec-
ified in Table 4.1 together with the values for the basic model, for the sake
of comparison. Very important here is the yearly produced electrical energy
which has decreased from 42.9 GWh in the old model to 16.8GWh in the
new one. This depends of course mainly on the fact that we cannot run the
plant on the rated power the whole year, and it clearly shows the importance
of using a reasonable wind speed distribution for achieving a good estimate
of the performance of the plant.

In the end, this invention may or may not be better than conventional
wind power. However, I would say that the purpose should not be to outrival
it, but rather to be a complement to it. It should constitute another 
alternative to choose from in each case when wind power is wanted and give
wind power as a whole a chance to grow big in a more healthy way, as it offers 
a solution that requires other raw material and other processes than
conventional wind power In nature, it is always preferable to add or remove as 
small amounts as possible of a certain pollutant or asset etc.
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Table 4.1: Some important parameters and results of optimisation

Name Symbol Value, old Value, new

cable density ρc 1450 kg
m3 1000 kg

m3

reference wind w0 10 m
s

w∗, free parameter
reference altitude h0 100 m
roughness length hr 0.1 m
cut-in wind speed ci not specified
cut-out wind speed co not specified

10 m
0.0003 m

3 m/s
22 m/s

objective function another objective 0.66 W
e

maximum power Pmax not optimised 9.2 MW
rated wind speed w∗ not optimised 8.8 m

s

produced energy per loop 27 kWh 13 kWh
loop duration h1 19.9 s 11.0 s
diameter of pulling cable dc 6.7 cm 6.9 cm
maximum length of pulling cable rmax 1297 m 566 m

Prated 4.9 MW 4.4 MW
Pyear 4.9 MW 1.9 MW
Pyear

Prated
100 % 44.1 %

Prated

Pmax
not determined 47.2 %

rated power

yearly averaged power

yearly efficiency

rated efficiency

extracted energy per year 42.9 GWh 16.8 GWh

cost per kWyear not determined 1514 e
kW

cost per kWrated not determined 667 e
kW

total capital cost not determined 2.9 Me
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Chapter 5

Conclusions and outlook

With the elevating results presented in the previous section, I can do nothing
but recommend the HD-L team a continued work in this field. It must
however be remembered that it is a very far way to go before the technology
would be ripe enough to be in general use and before a powerkite can produce
at the predicted cost. There are also the hindrances from society discussed
in Section 2.4 and all the other bigger or smaller problems brought up in the
system assessment, that may put a spoke in the wheel.

I see especially one application where the powerkite would have a great
advantage over cWiP, and that is on deep waters. There, cWiP has the
problem of needing a robust platform or foundation, while the powerkite
has a much lighter, simpler and cheaper construction. This fact obviously
enlarges the amount of possible sitings for wind power. If we can put wind
power on deeper water instead of shallow, it would also be a gain for fishers,
since fishing generally is markedly the best at shoals, but commercial fishing
among wind turbines is not exactly optimal.

Furthermore, it seems to me necessary to think of a suitable generator for
this specific purpose. It has been seen in history before, in both wind and
wave power for example, how important the exact generator design can be
to efficiently producing electricity.

Particularly, I would recommend to examine the possibility of using a
linear generator, as is done in some wave power projects.1,2,3 Maybe it would
even be possible to combine the two energy sources in one installation, but
in that case it would probably be a task for the far future.

Anyhow, it is indeed a very interesting idea and if it works out well, it
will be an important contribution in the field of electrical energy production

1[Trident Energy]
2[Seabased]
3[Leonardo Energy]
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and in restraining further climate change in the future.
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Appendix A

Economics for powerkites

In this appendix, an estimation of the capital costs for a power producing kite
will be made. The system to be examined is such a system as the one in this
report, i.e. it consists of a kite with an area of several hundred square metres,
which by action from the wind and steering by a control unit periodically
pulls a cable with a length of the size order one kilometer. This cable, in
turn, is connected to a generator which thereby produces electrical energy.
The generator is assmued to be placed at sea as a part of a powerkite farm.

It will here be ascertained if such a system in a future (i.e. when the
technology is ripe and established) could compete with conventional wind
power (cWiP) as a provider of electrical energy. Therefore, these two kinds
of system will be compared, and as no powerkite system exists today, typical
numbers for offshore cWiP (cWiPoff) will often be used as they can be as-
sumed to be approximately the same. When available, European conditions
have been chosen and whenever the used numbers were originally given in
dollars, a factor of 0.8 has been used to convert to euros.

When talking about economy for wind energy, it is often considered the
capital cost per installed kW (kWinst) and this is the measure to be used
here as well.

A.1 Capital cost

When determining the total system capital cost for a wind farm, not only
the cost for the turbines themselves must be included, but rather all of the
following four.1,2

• Planning

1[Wind Energy Explained, p 440]
2[Wind Energy Series]
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• Equipment purchase

• Construction cost

• Installation cost

Firstly, we notice that capital costs for onshore conventional wind power
(cWiPon) is usually approximated by $1000 per installed kW (kWinst).

3,

4 Despite inflation, this number has been used for several years, which is
justified not only because it is just a rough approximation, but also because
as a counterbalance to the inflation, the cost per kWinst tends to go down
over the years as the technology gets more ripe and more units are pro-
duced etc.5 With the conversion factor 0.8 from dollar to euro, the price
would be e800/kWinst. Furthermore, from Wind Energy Explained,6 it can
be approximated that the capital cost for offshore conventional windpower
(cWiPoff) be e1100/kWinst(see below).

A.1.1 Common independent costs

To begin with, costs that are common for the powerkite system and cWiPoff

will be studied. These are in principle ”non material” costs and transmis-
sion costs. Firstly, some costs are the same as for cWiPon as well. In ta-
ble 9.2 ”Wind farm capital cost breakdown (British Wind Energy Associa-
tion, 1997)” in Wind Energy Explained,7 the percentages of the total capital
cost for different constituents are given for cWiPon. From there, they are
converted to absolute values through the assumption that the total cost is
e800/kWinst. For the following constituents, the cost can be assumed to be
the same as for cWiPon. Please note that the costs are counted per kWinst.

• Project management

• Insurance

• Legal/development costs

• Bank fees

• Interest during construction

3[Wind Energy Explained, pp 431, 441]
4[Wind Energy Series]
5[Wind Energy Explained, pp 431, 434]
6[Wind Energy Explained, pp 409, 441]
7[Wind Energy Explained, p 441]
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When these are added up according to the table, they amount to e64/kWinst. 
The cost is itemised in Appendix B.

For onshore wind farms, the second greatest cost item is the one referred
to as civil works, which includes costs for roads and suchlike that have to be
built for installation purposes as well as maintenance. Since no new roads,
or at least very few, are needed for offshore installations, this item will be
much smaller. Instead, the installation itself and the electrical infrastructure
are much more expensive offshore than onshore, and hence it is here assumed
that these items even each other out to the total cost of ∼e175/kWinst,
still according to the same table.

The two parts of the installation for which there is a considerable cost
difference when they are placed offshore as compared to onshore are founda-
tion and grid connection. In Wind Energy Explained it is indicated that they
ought to be about 23% and 17%, respectively, of the total installation cost for
cWiPoff.

8. For powerkites, the foundation is replaced by the items ”tethering
lines” and ”abutment” which will be treated later on, but still the foundation
for cWiPoff needs to be treated here in order to calculate the grid connection
cost. However, the foundation doesn’t have its own entry in the formerly used
table, so instead the table 9.4 ”Comparison of wind farm costs (percentage
of total cost) in United States and the Netherlands (WEC, 1993)” from the
same reference is used together with table 9.1 ”Projected construction costs
for large turbines (Johnson, 1985)”.9 From table 9.4 it is given that grid
connection in the Netherlands constitutes 11.8% of the total cost and that
tower and foundation together make up 6.6%. Then from table 9.1, the cost
proportion between foundation and tower for a single 3.7MW British design
wind turbine is used and is 31.4 to 8.1 (3.9 to 1), which gives that out of
the 6.6% that tower and foundation constitutes, the tower is 1.35 per cent
units. The total cost for ”all other items” for cWiPon is now obtained by
calculating

800 · (100− (11.8 + 1.35))% = 694.8,

and by assuming that these other items are more or less the same for cWiPoff

as for cWiPon, the cost for cWiPoff will be

694.8/(100− (17 + 23))% = 1158.

Thereby, the cost for grid connection is about 1158 · 17% = e197/kWinst,
both for the powerkite system and for cWiPoff, and the foundation cost for
cWiPoff is approximately 1158 · 23% = e266/kWinst.

8[Wind Energy Explained, p 409]
9[Wind Energy Explained, p 436]
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A.1.2 Common design dependent items

This far, only costs that always are the same for both systems and that are
little influenced by the technical design are considered, and they add up to
e424/kWinst. For the three following parts, the cost is still expected to
be the same for both systems, but are more likely to being redefined as the
design of the powerkite changes.

• Generator: e40/kWinst
10

• Gear box: e85/kWinst

• Controls: e23/kWinst

At this stage, the generator and gear box can be assumed to be about same as
for cWiP, although it should be investigated whether, for example, the gears
become cheaper for powerkites than for cWiP11, and if a linear generator
may be to prefer to a circular.

In the formerly mentioned table 9.2,12 the cost for the actual wind tur-
bines is said to be 64% of the total of cWiPon, i.e. e512/kWinst, and then
table 9.113 gives the cost percentage numbers for the different parts of a sin-
gle wind turbine, which for gear box and controls makes e85 and 23/kWinst,
respectively.

Concerning the controls, they are quite different between the two sys-
tems. For the cWiP, the whole nacelle and rotor needs to be yawed so that
they point upstream, and each blade is to be able to be turned around its
own length axis. For the powerkite it is to steer the kite along its optimal
trajectory and to pull the cable back from its outermost to its innermost
loop position. However, what both systems need - everything included in
”controls” - is measuring equipment, a control unit and a motor to perform
the operations the control unit requests. Hence, it should be possible to ap-
proximate the total cost to be about the same, i.e. e23/kWinst, whereby the
total cost of this part is 40 + 85 + 23 = 148e/kWinst.

A.1.3 Powerkite specific costs

The parts that are now left to be treated are:

• Kite

10[Wind Energy Explained, p 441, table 9.3]
11Prof. Ockels, workshop Leuven
12[Wind Energy Explained, p 441]
13[Wind Energy Explained, p 436]
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• Pulling cable

• Mainshaft

• Rotatable generator house

• Supporting boat

• Tethering cables

• Abutment on the sea bed

Let us first group mainshaft and generator house together and assume they
can be compared and equal to the entry ”hub, bearing, mainshaft, nacelle”
in the used table 9.114, where it is assumed to be 19.5% of the cost for an
onshore wind turbine, i.e. e77/kWinst.

For the abutment on the sea bed, the cost is approximated by the cost
of foundation onshore, which is found by using the numbers in section A.1.1,
where it is noticed that foundation onshore is 5.25% of the total onshore cost,
i.e.5.25% · 800 = e42.

The cost for the tethering cable is estimated to be e140/m for a diameter 
of 4cm, after information from K̊aGe,15 or e110, 000/m3. Since the pulling 
cable probably will need a more sofisticated material than the tethering ca-
bles, it is assumed to be more expensive. A general research on the internet 
led to the estimation of some 2.5 times higher price for the pulling cable, i.e. 
e200/m for a diameter of 3cm or, per cubic metre e280, 000. This also seems 
to agree with information obtained from the material and more company 
DSM16 according to whom the price for the material only of a cable of the 
special material Dyneema(R) may cost between 55 and 350e/kg, the density 
of the cable being just below 1000kg/m3. Cost for conversion has to be added 
to this.

As concerning the kite, it is used price information for sport paragliders
from Tradewind-kites17 to estimate that the kite price in our case would
be e250/m2. This price estimate is relatively high because it is still unknown
how specialised the kite must be in construction and material considering its
size and the power it must be able to stand.

For both the kite and the cables, two sizes are calculated. For the kite it
is 320m2 and 500m2, for the pulling cable 1100m/5.0cm and 1100m/6.7cm

14[Wind Energy Explained, p 436]
15[K̊aGe, mail contact]
16[Alberts, DSM]
17[Tradewind]
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and for the tethering cables there are four cables, all of which the two used 
sizes are 20m/5cm and 50m/5cm.

This gives 80, 605 and 17 ke for the smaller numbers for kite, pulling 
and tethering cable respectively and 125, 1022 and 43 ke for the larger ones. 
Since the pulling cable is both very long and very expensive, the diameter 
of it is critical for the economics. To some extent, this can however be 
compensated by the fact that a thicker cable is stronger and hence can bear 
a larger pulling force, producing a higher power. This is a trade-off that has 
to be done in designing the installation. To notice is also that the thicker 
the cable is, the more critical is the length.

For the tethering cables, the two lengths represents two sea depths (cable 
length≈depth) where the powerkite may be placed. It may seem like shallow 
depths for being on the sea, but in order to compare with cWiPoff, 20m is a 
typical depth to examine. The larger kite area is chosen as subject to a closer 
look because it is the area for which the model today is optimised, whereas 
the smaller area is the one at the moment used by SkySails©R 18 for pulling 
ships.

To see the relation between the costs Ck, Cpc and Ctc and the dimensions, 
the three following equations are to be consulted, where dpc and dtc are the 
diameters for the pulling cable and the tethering cables, respectively, in cm, 
r0 the length of the pulling cable in metres, A the kite area in m2 and p the 
sea depth in metres.

Ck = 250 · A [e ] (A.1)

Cpc = 280, 000 · r0 ·
(

dpc

200

)2

· π [e ] (A.2)

Ctc = 110, 000 · 4p ·
(

dtc

200

)2

· π [e ] (A.3)

Now, the last cost to estimate is that for the floating boat. Since no
design at all is set up for this yet, it is almost impossible to estimate the
cost for it, and hence what we can do is just to assume that for a 5MW
generator it should be possible to construct a boat for e200,000, which using
the quasi-proportionality (see next section, A.1.4) gives e44/kWinst.

A.1.4 Quasi-proportionality

Most of the numbers in this paper are given in e/kWinst. However, it is
reasonable to believe that when the installation gets large enough, each extra

18[SkySails]
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kWinst doesn’t make such a great difference anymore. Only the cost of the
generator is likely to remain the same per kWinst.

In that case, we could for example assume a strict proportionality up to
2.5MW and thereafter a dependence on (kWinst)

0.8, giving with the example
of a 5MW generator a total price of

(2500 · 1118 + 25000.8 · 1118 + 5000 · 40)/5000 = e716/kWinst (A.4)

for cWiP. For a powerkite, the cost excluding kite, pulling cable and
tethering cables is with this quasi-proportionality

(2500 · 650 + 25000.8 · 650 + 5000 · 40)/5000 = e433/kWinst, (A.5)

meaning practically that kite and the two types of cables can be allowed to
cost in total a maximum of

(716− 433) · 5000 = 1.415Me (A.6)

in order not to excess the cost of cWiP. Assuming that the higher values for
kite and cables given in section A.1.3 may give a power output of approx-
imately 5MW, we use these to see that they make up a total of 1.190Me,
which is clearly within the border.

A.2 Conclusion

With the assumptions made in this appendix, the cost calculations tend to
indicate a powerkite being a cheaper construction than a conventional wind
power plant, meaning that the task of finding out whether it can compete
economically has given a positive result. Numerically, the result is a max-
imum of ca 3.4 million euros for a powerkite of 5MW as compared to 3.6
million euros for a conventional wind power plant of the same size.
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Appendix B

Specification and classification
of estimated costs for a
powerkite installation
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Name (Dimensioning class) Price

kite (area) 250 e/m2

pulling cable (volume) 280,000 e/m3 [200 e/m (� 3cm)]

tethering lines (constant) 72,000 e/m3 [140 e/m (� 5cm)]

generator (proportional) 40 e/kWinst

controls and instrumentation 100 e/kWinst
∗

drive train 40 e/kWinst
∗

floating boat 40 e/kWinst
∗

abutment 20 e/kWinst
∗

civil works and installation 110 e/kWinst
∗

electrical infrastructure 65 e/kWinst
∗

grid connection 185 e/kWinst
∗

project management 8 e/kWinst
∗

insurance 8 e/kWinst
∗

legal/development costs 24 e/kWinst
∗

bank fees 8 e/kWinst
∗

interest during construction 16 e/kWinst
∗

quasi-prop total (quasi-proportional) 646 e/kWinst
∗
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Appendix C

C-code for Section 3.2.4

Computation of year mean power/loop mean power (YMP/LMP)

Input values used below are:
p[20] : 1.708 (alpha)
p[21] : 8.426 m/s (beta)
p[22] : 4.0 m/s (ci)
p[23] : 25.0 m/s (co)

min p[24] : 2.0 m/s (wst)
max p[24] : 25.0 m/s (wst)
min p[25] : 1.0 W (Pmax)
max p[25] : 20 MW (Pmax)

//=========================
double alpha = p[20]; // constant #1 in the wind speed distribution function
double beta = p[21]; // constant #2 in the wind speed distribution function
double ci = p[22]; // cut-in wind speed
double co = p[23]; // cut-out wind speed
double wst = p[24]; // nominal wind speed - to be optimised
double Pmax = p[25]; // maximum power - to be optimised

double bb = 3.0/alpha + 1.0; // constant for the gamma fcn
double K = exp(-1.0/pow(beta,alpha))*alpha/pow(beta,alpha); // constant for

simplification

// MUSCOD-II takes f[0]=0; xa[0] is the algebraic state describing YMP/LMP
//-------------------------

f[0] = xa[0]-(K/alpha)*((1.0/pow(wst,3.0))*(gammaK(bb, pow(wst,alpha)) -
gammaK(bb,pow(ci,alpha))) + exp(-pow(wst,alpha)) - exp(-pow(co,alpha)));
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C-function gammaK

// help function to compute gamma{a, lim}=integral[0-->lim](t^(a-1)*e^(-t)dt)
//=========================
double gammaK(double a, double lim){

double denom;
double term;
double termvec[1000];
int k;
int test;
double sum;
int ii;
double gamma;

k=0;
denom=1.0;
test=1;
while(test && (k<1000)){

denom=denom*(a+k);
term=pow(lim,k)/denom;
termvec[k]=term;
k++;
if(term<termvec[0]*pow(10.0,-6.0) ){ //when one term is less than a
test=0; //millionth of the first term, then break
}

}
sum=0.0;
for((ii=k-1); (ii>=0); ii--){ //start with the smallest terms

sum=sum+termvec[ii];
}
gamma=sum*pow(lim,a)*exp(-lim);
return gamma;

}

XI


	preliminär-exjobbsframsida-tryck-30hp.php
	Officiellt-abstract-preliminärt
	sammanfattning_exjobb
	rapporthuvud-inlämnad2015-04-06
	Tom sida
	Tom sida
	Tom sida
	Tom sida
	Tom sida
	Tom sida



